In this paper we study several key factors causing the instability of marine airgun source signatures, and present a method to monitor their evolution. The source signatures are estimated with the use of near field records, fluctuation of source array geometry as well as changes of sea state. This monitoring of source signature participates in the improvement of quality control of marine acquisition or further used in seismic processing to get reliable designature operators.
Introduction
In order to assess the quality of the source signature for a seismic survey, a study is carried out to evaluate different factors affecting the stability of airgun source arrays.
A seismic source is characterized by its signature and its directivity. The signature corresponds to extracted downward wave field at a relatively far distance away from the seismic source. In this paper, by default the signature stands for the wave field directly below the source center. Directivity is considered as the variation of this signature with azimuth.
An individual airgun is very reliable equipment: under any given environment, the oscillation generated by the gun is predictable and quasi omnidirectional. As described by Dragoset (2000) , an airgun source array is composed by the deployment of 20-40 airguns. It is natural to think that the seismic signature of an array of several airguns might change with the instability of the geometry of such array.
The seismic signature of any airgun array can be considered as the sum of independent source point signals corresponding to each gun or cluster of guns, called notional sources (Ziolkowski et al 1982) . The propagation of such generated seismic field is considered spherical and linear. Then using the recorded near field, thanks to hydrophones placed near airguns, the notionals can be estimated and the signature of source arrays is calculated. The notional method is further developed by Landro et al (1991) in order to take into account higher order adjustments.
In the first section of this paper we identify several key factors that influence the signature and confirm them with numerical simulation, then in the second section we develop method to monitor these factors and correlate them with different observations. Our source signatures are estimated using a proprietary method taking into account the variation of geometry as well as the sea states such as the reflection coefficient, where the propagation model is no longer spherical.
Factors for signature instability
In this article, we focus on the airgun based source array with soft float, which are widely used in the seismic industry as seismic source. The advantage of such soft source is they are easy to deploy, to recover, and suitable for different weather conditions. When exposed with wave and current, the float will follow the wave on the surface by moving vertically up and down. Moreover the water current and the collapse of generated air bubble at the surface will move apart the floats horizontally. Those vertical and horizontal variations of float geometry will impact directly the positions of airguns hung under the float by separation ropes. Therefore the predefined location of airguns in the array cannot be guaranteed and an alternation of designed source signature is possible.
In practice, the quality of the source is characterized by its signature vertically underneath the airgun array. The spectrum of marine source signature is affected by the interference with the reflected upgoing wavefield by the sea surface. For a given wavelength the interfered wavefields are canceled out. Therefore in the spectrum of source at depth , a notch occurs at the frequency , where is the speed of the sound in the water layer. The notch instability is the direct consequence of the fluctuation of airgun depth as it is shown in figure 1. For a more realistic observation, we simulated the signature of a source exposed to surface waves. The wavelength of the swell varies randomly around 15m and the amplitudes of the waves follow a Gaussian distribution centered at 1m. The direction of propagation is considered random, which correspond in fact to a quiet acquisition situation. In this simulation, it appears that the presence of waves makes the notch less pronounced.
In the case of 3D surveys for shallow targets, or wideazimuth survey generally, the control and monitoring of the directivity of the source is critical to the quality of final image. However due to various interferences, the directivity along acquisition cross-line direction has a close relation with the separation of source subarrays as well as the depth of airguns. Figure 2 shows the simulated signatures for a 3-subarray-source, where the separation between subarrays fluctuates constantly following a Gaussian distribution centered at 1m. This situation seems to be critical for the second notch, which statistically is no longer distinguishable. On the other hand, we cannot neglect the fact that some instabilities may come from the firing system itself. For instance, due to the incertitude of gun controller system; it is possible that guns are not fired exactly at the same time.
Source monitoring
As described in the first part of this paper, a part of source signature fluctuations is due to the instability of array geometry and to the variation of sea state including the non-uniformity of reflection coefficient of the free watersurface. In order to estimate the impact of these factors on the signature of the source arrays, we propose to use the recorded near-field thanks to the hydrophones installed 1m above each airgun. The monitoring of source signature begins with the monitoring of the source array geometries. The real-time positioning of airguns is generally measured with the use of 2 GPS antennas installed at each subarray of the source, with an accuracy of 2-3m. This precision may be sufficient to estimate the center of array, but not enough to monitor the source signature. To overcome the lack of accuracy, we developed a method to estimate the gun positions by the inversion of near-field hydrophone data, which provides a better accuracy close to 0.2m. Figure 3 is an illustration of the estimated airgun position for one given shot.
The estimated source signature cannot be considered realistic if the characteristics of sea state are not taken into account. The sea state can be described by waves; where pitching and rolling of the vessel can be considered as meaningful indicators. As long as the wave regime stays in a given range, the water surface condition can be considered as stationary. Figure 4 shows the recording of vessel rolling during a seismic survey of 1.6 hours. The original recording is at 1sample per second, and the trend of vessel rolling is obtained by averaging through a sliding window of 5 minutes. This example shows a quasi-stationary sea state. On the other hand, we developed a method to estimate the sea surface reflection coefficient as a function of incident angle. Due to the absorption of the source float, the reflection coefficient of vertical up-going shock wave is around -0.5, instead of commonly -1 accepted value for the free water surface. When the incident angle increases, the reflection coefficient tends gradually to -1. The reflection coefficient is derived from the comparison between direct arrivals and reflected shock waves. Figure 5 illustrates the variation of the reflection coefficient along the incident angle observed in a field test. Thanks to the monitoring of environment around the airgun array and measurement of the near field part of generated shock waves, the signature of the source can be estimated from shot to shot.
Far field signatures are calculated under Ziolkowski et al (1982) assumptions considering each airgun has a notional, but in our case their reflection on the sea surface obeys the function illustrated in figure 5. In these conditions the estimation of notional signatures turns to be an inverse problem searching for the best fit to the geometry of source array and to the measured near fields. The inversion converges when the position of guns and their near fields are accurately predicted. Then the signatures of far field as well as their directivity are derived with an improved Ziolkowski method. Figure 6 shows a series of estimated far field signatures using this technique on the same survey line as in the figure 4.
-mean value -standard deviation * raw values In order to assess the stability of the signatures around a given shot , we propose the index defined as below:
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where NRMS (normalized root mean square) of two shots is the NRMS of their zero phased far field signatures. We assume when the weather is getting worse, the instability of source signature should increase, and as a result its SI index is higher. The index of instantaneous stability of the signatures corresponding to the survey line shown in figure 4 are calculated and presented in the figure 7. The mean value of indexes through a sliding window of 5 minutes gives a meaningful trend of the evolution of stability. A positive correlation can be observed when the source stability index is compared to the sea state indicator shown in figure 4.
Conclusion and Discussion
We showed that source signature can be affected by the change of sea state and the variation of the geometry of airgun array. Thus these factors should be taken into account in order to have an accurate estimation of source signature from inversion of near field hydrophone data.
A good knowledge of source signature variation during the acquisition, should enhance the quality of seismic data thanks to a more accurate designature and potentially increase the reliability of 4D acquisition.
